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Recombination contributes significantly to diversity within virus populations and ultimately to viral evolution. Here we use a recently
developed statistical test to perform exploratory analysis of recombination in fourteen feline immunodeficiency virus (FIVpco) genomes derived
from a wild population of cougars. We use both the global and local Phi statistical test as an overall guide to predict where recombination may
have occurred. Further analyses, including similarity plots and phylogenetic incongruence tests, confirmed that three FIVpco lineages were
derived from recombinant events. Interestingly, the regions of mosaic origin were clustered in the area encoding lentiviral accessory genes and
largely spared the viral structural genes. Because some of the mosaic strains are currently geographically disparate, our data indicate that the
dispersal of cougars infected with these strains was preceded by recombination events. These results suggest that recombination has played an
important role in the evolution of FIVpco for this wild population of cougars.
© 2007 Elsevier Inc. All rights reserved.Keywords: Recombination; Lentiviruses; Statistical analysis; Accessory genesIntroduction
Recombination creates new genotypes by combining genetic
material from distinct lineages and is a principal mechanism to
enhance population genetic diversity (Negroni and Buc, 2001;
Worobey and Holmes, 1999). A major force in viral evolution,
recombination can also affect viral pathogenicity and confound
therapeutic strategies (Awadalla, 2003; Liu et al., 2002; Peeters
et al., 1999; Posada, 2002; Zetterberg et al., 2004). Indeed, the
astounding diversity in viral populations is in part a result of
extensive recombination in the viral world (Apetrei et al., 2004;
Bachmann et al., 1997; Hamilton, 2006).
It is important to identify recombination in viral sequences
because it complicates phylogenetic analysis (Posada et al.,
2002). Recombination creates signals consistent with exponen-
tial growth and may cause the time to the most recent common⁎ Corresponding author. Department of Biology, 208 Mueller Lab, The
Pennsylvania State University, University Park, PA 16802, USA. Fax: +1 814
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doi:10.1016/j.virol.2007.03.023ancestor to be biased (Schierup and Hein, 2000). Because of the
confounding effects of substitution rate heterogeneity, rigorous
statistical analysis must be used to separate recombination from
other processes (Anderson et al., 2000). Thus, an important
problem in viral evolutionary analysis is to detect whether
recombination has occurred (Awadalla, 2003; Posada, 2002)
and a number of approaches have been developed to detect and
analyze recombinant sequences (Posada, 2002; Posada and
Crandall, 2001). If strains originate from a single population (in
an infected host, for instance) population genetic approaches for
inferring the rate and presence of recombination are appropriate
(Bruen et al., 2006). A number of approaches based on
phylogenetic principles and summary statistics are applicable to
analyze divergent strains. Phylogenetic approaches such as
bootscanning (Salminen et al., 1995) are popular for recombi-
nant analysis, but compared to other methods they have low
sensitivity and can produce an excess of false positives (Posada,
2002; Posada and Crandall, 2001). Moreover recently it has
been shown that summary statistics such as Max Chi Squared
(Smith, 1992), although hitherto considered the most powerful
methods (Posada, 2002), may produce an excess of false
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other circumstances (Bruen et al., 2006).
A statistical approach called the Phi statistic has been
recently developed to analyze recombinant sequences (Bruen et
al., 2006). The Phi test accurately determines whether
recombination has occurred or not a in a given sequence
alignment. This method is very sensitive, does not produce false
positives in excess, and can be applied to divergent or closely
related strains (Bruen et al., 2006). These characteristics make it
ideal to distinguish between recurrent mutation and recombina-
tion in viral genomes. However, the Phi test as proposed in
previous work simply determines whether or not recombination
has occurred within a set of sequences (Bruen et al., 2006). The
original Phi test can thus be thought of as a global test for
recombination and should be used as a first step in analyzing
sequences.
In this report, we extend the use of the Phi statistic to test
smaller regions for recombination resulting in local tests for
recombination. Testing local regions for recombination accom-
plishes two goals. Firstly, regions that contain a recombinant
signal (potential breakpoints) can be easily identified. Secondly,
the region between suspected breakpoints can be subjected to
phylogenetic analysis to determine whether the genome is
derived from different ancestral sequences. Additional data
analysis can then be done efficiently using techniques such as
similarity plots. There is a tradeoff however for the gain in
knowledge of where recombination may occur because testing
smaller regions for recombination decreases sensitivity (Wiuf et
al., 2001). Further, multiple test correction must be applied
making the procedure much more conservative. This could
potentially result in a situation where there is global evidence
for recombination but it is difficult to pinpoint the exact location
of the recombinant signal.
Here we apply the Phi test and other approaches to study
recombination in feline immunodeficiency virus (FIVpco)
derived from naturally infected cougars (Puma concolor). FIV
was first described in domestic cats (Pedersen et al., 1987) and
has subsequently been found in a wide variety of wild felinesFig. 1. Statistically significant regions (peaks that contain at least one breakpoint) c
statistic. The window size was 500 bp and step size was 25 bp. p values are multiple
Numbers on the x-axis indicate nucleotide position in the genome alignment. The pos
encompasses approximately the first 200 bp of the env ORF.(Brown et al., 1994; Olmsted et al., 1992). Whereas FIV
infection of domestic cats can lead to immune dysfunction as
well as neurological disease (Burkhard and Dean, 2003), there
is no evidence of disease in wild felines (Biek et al., 2006b,
2006c) possibly due to a lengthy co-adaptation of virus and host
(Biek et al., 2003; Carpenter and O'Brien, 1995). There is
evidence that recombinant subtypes circulate globally in FIV-
infected domestic cats (Bachmann et al., 1997; Reggeti and
Bienzle, 2004) although these data are based on topological
incongruity of gene fragments derived from an infected animal
and not genomic comparisons. In FIVpco however, phylogenies
based on gene fragments from different portions of the viral
genome gave concordant trees, and thus there was no evidence
for recombination among the genetically diverse sequences
(Biek et al., 2003, 2006a). Cougar populations in North
America were extirpated principally due to bounty hunting
throughout the late 1800s and early 1900s. Populations are
currently expanding in the Rocky Mountain States subsequent
to changes in hunting regulations (Biek et al., 2006a). In this
study, we report on the analysis of the entire viral genomes of
fourteen FIVpco isolates to determine the role of recombination
in the viral population during expansion of the host population.
Results
Identification of putative recombinant regions using the Phi
statistic
Initially all positions of the fourteen viral genomes were
tested for recombination using the Phi statistic (Bruen et al.,
2006). Overwhelming evidence of recombination within the
entire alignment was found (p<10−20). Individual local regions
were then tested for recombination using the Phi statistic with a
window size of 500 bp. This analysis clearly demarcated six
distinct smaller regions exhibiting statistically significant
evidence of recombination within the fourteen FIVpco genomes
(Fig. 1). The strongest local evidence of recombination occurs
in the second half of the genomes after base 4500.ontaining a recombinant signal of fourteen FIVpco genomes determined by Phi
test corrected using Hommel's modified Bonferroni procedure (Hommel, 1988).
ition of open reading frames is indicated beneath the figure. The first exon of rev
Fig. 2. Maximum likelihood tree inferred for the first 4500 bp (before the first recombinant region or ‘peak’ in Fig. 1) for fourteen FIVpco sequences. A substitution
model of GTR+Γwas selected usingModelTest (Posada and Crandall, 1998) (with Γ equal to 0.26) and was used to infer the tree. The location of each infected cougar
is listed next to the isolate name and is referenced to a schematic map of the area.
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portion of the viral genome, a maximum likelihood tree was
constructed based on sites 1–4500 (Fig. 2). This tree
represents an estimate of the actual phylogeny of the FIVpco
sequences and can be used as a ‘reference’ tree. Sequences in
putative recombinant regions that are misplaced with respect
to this topology can be identified as tentatively recombinant.
There are two sister groups in the tree. Sequences JM01/
YM137, JF6 and YF125 form a monophyletic clade with the
lineage SR631/SR631B placed as a strong out-group to this
clade. Similarly, CoLV, Mc100, Mc121, Mc350 and Gc34 are
monophyletic and sequences YM29 and YF16 are distantly
related to this group. The divergence within and between the
two sister groups ranges from 5% to 13% and from 16% to
17%, respectively. PLV is 18–20% divergent from all other
sequences.Fig. 3. Exploratory neighbor-joining trees corresponding to the regions in between ‘pe
of the peaks differs in length, the midpoint of each peak was chosen to delineate the re
recombinant. The trees suggest an initial estimate of which lineages are recombinanExploratory analysis of recombinant regions identified by Phi
statistic
To identify which sequences are recombinant, seven
different neighbor-joining trees (Saitou and Nei, 1987) were
built based on regions in-between the six statistically significant
recombinant regions (Figs. 3a–g). Only major lineages are
shown for simplicity. CoLV represents the cluster of sequences
Mc100, Mc121, Mc350 and Gc34, which always grouped
together although the relationship within the cluster changed
(results not shown). Closely related sequences SR631/SR631b
are represented by SR631 and YM29 represents the YM29/
YF16 group. Note that YM29 and CoLV serve as ‘anchor’
sequences on one branch, and YF125 and PLV serve as ‘anchor’
sequences on the other branch. The putative recombinants
change position relative to these sequences.aks’ of Fig. 1. Only major lineages are shown for readability. Because the width
gion. Lineages that have boxes around them (JM01, SR631 and JF6) appear to be
t.
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reference tree (compare Figs. 3a and g to Fig. 2). The tree
representing peaks 1 and 2 (Fig. 3b) groups JM01 with SR631, in
contrast to the reference tree that groups JM01 with JF6 and
YF125, which indicates that either JM01 or SR631 derives from a
recombinant event. Because the position of JM01 relative to the
‘anchor’ sequences YF125 and PLValso changes, the second tree
suggests that at least JM01 is derived from a recombinant event.
Comparison of the second tree to the third tree (Figs. 3b and c)
provides preliminary evidence that peaks 2–3 in both JM01 and
SR631 is derived from a recombinant event with the ancestor to
YM29. This suggests that SR631 is also a candidate recombinant
sequence. In the fourth tree (Fig. 3d), the affiliation of JF6
changes from YF125 to YM29 suggesting that JF6 is also a
recombinant sequence in the region of peaks 3–4. The close
relationship of JF6 with YM29 is also seen in the region between
peaks 5 and 6 (Fig. 3g). However, this exploratory analysis does
not precisely identify where the recombination has occurred,
partly because the regions containing a breakpoint are quite large
and there is the possibility of overlapping recombinant events.
Nonetheless, the exploratory analysis suggests that sequences
JM01, SR631 and JF6 demand further study.
Fine-scale recombinant analysis and exact breakpoint
identification
Similarity plots can be used to refine the hypothesis of
recombinant origin for a particular sequence by suggesting
where recombination may have occurred (Anderson et al.,
2000). Because the exploratory analysis suggested that JF6,
SR631, and JM01 were derived from recombinant events,
similarity plots (Lole et al., 1999) were constructed using these
sequences (Fig. 4). JF6 is a putative recombinant sequence with
the ancestral sequence to YM29 as one parent (Figs. 3d and f).
However, the other parent, the ancestral sequence to JM01 (Figs.
3a, e, and g) appears to be itself a recombinant sequence (Fig.
3b). Instead of JM01, an ‘anchor’ lineage, YF125 was chosen as
a non-recombinant lineage similar to JF6 (Figs. 3a–c). The
similarity plot of JF6, YM29 and YF125 (Fig. 4a) suggests that
JF6 has a mosaic origin, with the majority of the sequence
similar to YF125 but with two distinct regions of the sequence
appearing to originate from an ancestral sequence closely related
to YM29. A maximum likelihood procedure in program LARD
(Holmes et al., 1999) was used to identify the exact breakpoints
(Fig. 4a, dashed lines). Note that the breakpoints in Fig. 4a fall
into peaks of recombinant activity 3, 5 and 6 identified by the Phi
statistic (Fig. 1).
JM01 was also identified as a recombinant sequence with
one parent as a sequence closely related to SR631 (Figs. 3b–d).
Because SR631 is also a putative recombinant (Figs. 3c and e),
the ‘anchor’ sequence YF125 was chosen for similarity plot
comparison. The similarity plot (Fig. 4b) indicates that one large
region of JM01 is much more similar to SR631 than to YF125,
which contradicts the reference tree in Fig. 2. The maximum
likelihood breakpoints found using LARD (Holmes et al., 1999)
correspond to regions of recombinant activity peaks 1 through 4
identified by the Phi statistic (Fig. 1).The trees in Figs. 3c and d indicate that the history of JM01
with respect to YM29 is complex. The similarity plot of JM01,
YM29, and YF125 (Fig. 4d) suggests a region that closely
groups JM01 and YM29, again contradicting the reference tree
in Fig. 2. Interestingly, this region is fully contained within the
JM01 and SR631 putative recombinant region (Figs. 4b and d).
The breakpoints as identified with LARD (Holmes et al., 1999)
are shown with dashed lines and correspond to peaks 2 through
4 identified with the Phi statistic (Fig. 1).
Finally, exploratory analysis indicated that SR631 was a
putative recombinant sequence related to YM29 (Figs. 3c and
d). However, in the reference tree, SR631 appears to be closely
related to YF125 (Figs. 2 and 3a, g). The similarity plot of these
three sequences shows that there is a region in SR631 that has
higher sequence similarity to YM29 than to YF125 (Fig. 4c).
Interestingly, this region corresponds to the region in JM01 that
is similar to YM29 suggesting that SR631 and JM01 have a
shared history for this recombination event.
Data partitions
The previous analyses support the recombinant histories of
JF6, JM01, and SR631 and identified the locations of
recombination events. However, phylogenetic histories cannot
be determined from similarity plots (Anderson et al., 2000). In
order to confirm that JF6, JM01, and SR631 are recombinant
sequences, topological incongruence tests must be performed
showing that different regions of the sequence have different
ancestral origins.
Five different partitions of the alignment were identified
based upon the breakpoint identification discussed above.
Closely related sequences, which were excluded from earlier
analyses, were included in the partition analysis. To allow
thorough evaluation of JF6, which has a unique recombinant
history, two of the partitions (Partition_A and Partition_B) only
involved JF6 (Table 1). Partition_A consists of all the regions
where JF6 group closely with YF125 as shown in the reference
tree (Fig. 2) and similarity plot (Fig. 4a). Likewise, Partition_B
consists of both regions where JF6 groups with YM29 (Figs. 3d,
f and 4a). Partition_C consists of the regions where JM01,
SR631, and YF125 have a relationship consistent with the
reference tree (Figs. 2 and 4b, c). Partition_D consists of the
regions where JM01, SR631, and YF125 appear to be closely
related, whereas Partition_E consists of the regions where JM01,
SR631, and YM29 appear to be closely related (Figs. 4b–d).
Each partition was tested for recombination using the Phi
statistic. The Phi statistic indicated that each of the partitions
except Partition_D still contained a signal for recombination
(Table 2). This suggests that there is evidence for recombination
within each of the partitions.
Phylogenetic incongruence – confirmation of mosaic
sequences
Five different maximum likelihood phylogenetic trees were
built using Partition_A to Partition_E, with the substitution
model of best fit (Table 1). The maximum likelihood trees of
Fig. 4. Similarity plots of suspected recombinant and parental sequences. All sequences are compared to putative parental sequence YF125 and YM29 except in b: (a)
JF6, (b) JM01 with SR631 and YF125, (c) SR631, and (d) JM01. Window size was 200 bp and step size was 20 bp. The dashed lines correspond to maximum
likelihood estimate of recombinant points. Note their correspondence to the areas of significant recombination (shaded regions) in Fig. 1.
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(Figs. 5a and b). A Shimodaira–Hasegawa (SH) test (Shimo-
daira and Hasegawa, 1999) confirmed that JF6 is closely related
to YF125 in Partition_A and to YM29 in Partition_B. Thus, JF6
has two statistically significant histories based on different
regions of the sequence (p-value=0.01; Table 2).
Partition_C supports the reference topology, which places
JM01/YM137 with YF125 as a monophyletic clade to the
exclusion of SR631/SR631B (Figs. 2 and 6a). Conversely,
Partition_D and Partition_E support JM01/YM137 forming a
monophyletic clade with SR631/SR631B (Figs. 6b and c).
Furthermore, Partition_E also supports the monophyletic
grouping of YM29/YF16 with the JM01/YM137/SR631/SR631B monophyletic clade (Fig. 6c). The SH shows that the
tree found for Partition_C provides a significantly better fit to
the data in Partition_C than both the alternative topologies
found for Partition_D and Partition_E (p-value<0.01, Table 2).
Likewise, the SH test shows that this is also true for the trees in
Partition_D and Partition_E (p-value<0.01, Table 2). This
demonstrates that both the JM01/YM137 and SR631/SR631B
lineages have multiple ancestry.
Discussion
In this paper we used the Phi statistic to determine if
recombination was present in full-length FIVpco genomes
Table 1
Parameters for sequence partitions
Name of partition Recombinant sequence(s) Location a, b Recombination c Substitution model d α d Pinv
d
Partition_A JF6 1–5996 1.6×10−4 ⁎ GTR+G+I 2.7 0.50
6273–7237
8120–9270
Partition_B JF6 5997–6273 2.0×10−5 ⁎ GTR+I 0.52
7238–8119
Partition_C JM01/YM137 1–4700 3.0×10−7 ⁎ GTR+G+I 2.1 0.48
SR631/SR631B 6858–9270
Partition_D JM01/YM137 4701–5452 0.17 GTR+G 0.3
SR631/SR631B 6462–6857
Partition_E JM01/YM137 5453–6461 1.9×10−5 ⁎ GTR+G+I 2.9 0.46
SR631/SR631B
a Breakpoints estimated by maximum likelihood using LARD (Holmes et al., 1999).
b Distinct regions are concatenated together within each partition.
c p-values for recombination within each partition found with the Phi statistic (Bruen et al., 2006). Significant p values are indicted with an asterisk (*).
d Estimated using ModelTest based on AIC. GTR; general time reversible. G; gamma distribution. I; invariable sites.
⁎ p< .05.
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ecosystem. We then extended the use of the Phi test to localize
the regions containing a recombinant signal. From a methodo-
logical standpoint, testing local regions for recombination
provides a statistically coherent step to ascertain recombinant
regions. Traditional visual methods, similarity plots, which are
applicable to only three sequences at a time, were then used to
estimate the locations of recombination breakpoints (Holmes et
al., 1999). The regions between breakpoints were evaluated for
phylogenetic discordance to confirm that they had unique
phylogenetic histories.
Three lineages in the FIVpco data set (JF6, JM01/YM137,
and SR631/SR631B) were derived from recombinant events.
JF6 is a mosaic sequence with most of the 5′ portion of the
sequence originating from a sequence ancestral to YF125.
However, two small portions of the JF6 sequence originated
from a sequence ancestral to YM29/YF16. One of these regions
encompasses the majority of the open reading frame for theTable 2
Comparison of phylogenetic support for different partitions
Name of
partition
Recombinant
sequence(s)
Possible
trees a
−Log
likelihood b
p-values c
Partition_A JF6 Partition_A 27504
Partition_B 28385 0.000
Partition_B JF6 Partition_B 3942
Partition_A 3970 0.012
Partition_C JM01/YM137, Partition_C 26915
SR631/SR631B Partition_D 27062 0.002
Partition_E 27935 0.000
Partition_D JM01/YM137, Partition_D 4567
SR631/SR631B Partition_C 4618 0.007
Partition_E 4633 0.001
Partition_E JM01/YM137, Partition_E 4041
SR631/SR631B Partition_C 4079 0.000
Partition_D 4076 0.000
a Maximum likelihood trees for each partition are shown in Figs. 5 and 6.
b Evaluated using best nucleotide substitution model for each partition (Table 1).
c p values for significant Shimodaira–Hasegawa test estimated using 10000
RELL samples.putative transactivator protein, OrfA, (position 6009–6353) and
the other generates a mosaic env gene.
The JM01/YM137 lineage also has a recombinant history. In
the reference tree, JM01/YM137 is monophyletic with YF125
but this cluster does not contain SR631/SR631B. However,
portions of the JM01/YM137 genomes are monophyletic with
SR631/SR631B and do not include YF125. This suggests that
the JM01/YM137 lineage derives from a sequence ancestral to
YF125 and from a sequence ancestral to SR631/SR631B.
However, the history of the JM01/YM137 lineage is more
complex than that of JF6 because in Partition_E, JM01/YM137
and SR631/SR631B sequences form a monophyletic clade with
YM29/YF16 whereas in Partition_C and _D, they cluster with
YF125. Similarity plots show the same phenomenon; that both
strains JM01 and SR631 appear at one point to share much more
genetic similarity with YM29 than YF125. The regions of
conversion of both JM01 and SR631 are identical suggesting
that the recombination events are not independent. Thus the
JM01 lineage appears to be derived from two historical
recombinant events. The first event created a recombinant
ancestor of SR631/SR631B that derived the accessory gene
portion of the genome (position 5304–6350) from a sequence
ancestral to the YM29/YF16 lineage. The strain ancestral to
JM01/YM137 then acquired a portion of this recombinant
ancestor spanning approximately from the integrase-encoding
portion of pol through the end of rev through an additional
recombinant event. Thus the region between the reverse
transcriptase encoding portion of pol and the beginning of
env, which encodes accessory genes unique to the lentiviruses,
has undergone multiple recombinant events in the past,
suggesting that susceptibility to recombination in this region
may be high.
Expression of lentivirus accessory genes requires splicing or
internal ribosome entry sites, both of which are defined by
specific secondary structure in the RNA. These stable RNA
structures may facilitate recombination by decreasing proces-
sivity of the viral reverse transcriptase (DeStefano et al., 1992).
The outcome of most strand switches is not detected in natural
infection because many recombinant progeny will be replication
Fig. 5. Maximum likelihood trees inferred for (a) Partition_A and (b) Partition_B. The trees differ in their placement of recombinant sequence JF6. Partitions
(including nucleotide substitution models) are described in Table 1. Recombinant viruses are boxed.
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strains currently circulating globally indicates that recombina-
tion can lead to highly fit viruses. Among the circulating HIV-1
recombinants there is evidence for sequential recombination
events occurring among primary recombinant strains, which is
similar to our findings for strains JM01 and SR631. Addition-
ally, four of the circulating recombinant HIV-1 strains share
complete gag and pol with one parental strain but carry ac-
cessory genes from a different strain.
It is interesting to note that the ancestral sequences to YM29/
YF16 were involved in all recombination events that led to the
mosaic strains found in JF6, JM01/YM137, and SR631/
SR631B, making these important forbearers to the viruses
circulating today. This lineage was prevalent during the early
sampling period of Greater Yellowstone Ecosystem (GYE)
cougars (1990–1994) but only one representative of this strain
was identified in the area in subsequent sampling (1999–2004)
(Biek et al., 2006a). In each case, the recombinant progeny have
maintained the accessory gene OrfA or both vif and OrfA of the
YM29/YF16 lineage. In addition, the SR631/SR631B lineage
was obtained from cougars from the Snowy Mountains of
Wyoming (Biek et al., 2003), a region that is separated from the
GYE by over 600 kM of inhospitable cougar habitat (Fig. 2). The
fact that this lineage derived ultimately from a recombinant
event with FIVpco lineages from GYE suggests that cougarsFig. 6. Maximum likelihood trees (drawn to scale) for partition (a) Partition_C, (b)
SR631/SR631B. Partitions (including nucleotide substitution models) described in Tinfected with the ancestral viruses must have been in geo-
graphical proximity in the recent past.
FIVpco from free-ranging cougars has provided a rich source
material for which to investigate questions related to host
population biology (Biek et al., 2006a) and lentiviruses
molecular genetics in natural populations (Biek et al., 2003).
In this study, we apply both traditional and novel analytical
methods to detect and localize recombination in full-length viral
genomes. This expands our understanding of viral molecular
evolution and demonstrates that recombination has contributed
to the evolution of feline lentiviruses in a naturally expanding
population of cougars.
Materials and methods
Data set
The primers used to sequence each isolate and source of the
tissue from which the isolate was derived is described in
Supplementary Tables 1 and 2. The alignment of the fourteen
FIVpco genomes sequences (EF455603–EF455615) derived
from northern Rocky Mountain cougars (GC34, MC100,
MC121, MC350, YM29, YF16, JM01, YM137, JF6, YF125,
SR631/SR631B, and CoLV) was done using Clustal W with
manual adjustment. The PLV sequence (DQ192583) used as anPartition_D and (c) Partition_E with recombinant sequences JM01/YM137 and
able 1. Recombinant viruses are boxed.
369T.C. Bruen, M. Poss / Virology 364 (2007) 362–370out-group was collected from Vancouver Island in 1995 and has
been previously described (Poss et al., 2006).
Exploratory recombination analysis with Phi statistic
Analysis of the recombinant events that shaped all fourteen
FIVpco genomes proceeded as follows. Firstly, the entire
alignment was tested for recombination using the Phi statistic
(Bruen et al., 2006). Regions containing a recombinant signal
(at least one breakpoint) were identified as follows. Local
regions of 500 bp (with 25 bp between each region) were tested
for recombination with the Phi statistic, using the Profile
program (Bruen et al., 2006). To ensure significance in the
presence of multiple tests, Hommel's (Hommel, 1988) modified
Bonferroni procedure was applied to the p-values. A maximum
likelihood tree based on the first 4500 bp of all sequences was
constructed in PAUP* (Felsenstein, 1981; Swofford, 2001)
using the best fitting substitution model found with ModelTest
(Posada and Crandall, 1998). Exploratory neighbor-joining
trees were built for each of the regions that did not contain a
recombinant signal using PAUP* to identify recombinant
lineages (Saitou and Nei, 1987; Swofford, 2001). Trees were
generated using a heuristic search with tree-bisections and
reconnections and were drawn using the program TREEVIEW
(Page, 1996).
Fine-scale recombination analysis
Diversity plots were created between the putative recombi-
nant and its parent sequences using the program Simplot (Lole
et al., 1999) in order to explore the recombination history.
Simplot was run using a window size of 200 bp and a step size
of 20 bp. Breakpoints were identified using the putative
recombinant and both parents under a maximum likelihood
framework in the program LARD (Holmes et al., 1999), and the
location of breakpoint regions was compared to those identified
by the Phi statistic.
Finally, phylogenetic trees for the individual partitions were
built using representatives of the major lineages. The partitions
were constructed to compare a putative placement of a
recombinant lineage and thus only contained a subset of the
taxa. Each partition was evaluated for recombination using the
Phi test (Bruen et al., 2006). A best fitting nucleotide
substitution model for each partition was found using the
Akaike Information Criterion (AIC), implemented in ModelTest
(Posada and Crandall, 1998) (Table 1). In each case, the General
Time Reversible (GTR) model was chosen as the best fitting
nucleotide substitution model and except in one case a Gamma
model (Uzzell and Corbin, 1971; Yang, 1993) for substitution
rate heterogeneity was used. Based on the inferred best model of
substitution, maximum likelihood trees were found with PAUP*
using the a heuristic search option and Tree-Bisections and
Reconnections (Felsenstein, 1981; Swofford, 2001). Finally, for
each region, the different possible trees were compared to each
other using a one-sided Shimodaira–Hasegawa test (Shimo-
daira and Hasegawa, 1999) based on resampling-estimated log
likelihoods (RELL) bootstrapping 10000 replicates available inPAUP* (Shimodaira and Hasegawa, 1999). Trees were drawn
using the program TREEVIEW (Page, 1996).
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